Introduction
Trypanosoma cruzi , the etiologic agent of Chagas' disease, infects an estimated 18 million people in Latin America, and 90 million individuals are at risk of infection (1, 2) . After a commonly mild acute illness, a chronic phase ensues and 10-20 yr post infection nearly 30% of infected individuals develop cardiac and/or gastrointestinal lesions, which generally lead to death (3) . Globally, Chagas' disease causes each year Ͼ 50,000 deaths, one million new cases and the loss of 2.74 million disability-adjusted life years (2). Although some reduction in the transmission of Chagas' disease has been achieved through vector control and blood bank screening measures, major obstacles that have prevented South and Central American countries from eradicating T. cruzi include behavioral differences among vector species, operational costs to maintain active control programmes, existence of multiple animal reservoirs, parasite persistence in chronically infected patients, and the lack of chemotherapies for the treatment during the chronic phase of the infection (2). For these reasons, vaccines constitute an attractive approach that could significantly contribute to control the transmission of Chagas' disease. To date, however, there are no vaccines in development against T. cruzi.
Experimental murine models of T. cruzi infection have been shown to faithfully mimic the various aspects of Chagas' disease including the immune mechanisms thought to operate in controlling the parasite in humans. While a strong antibody response contributes to the control of acute parasitemia, a potent type 1 cytokine production and a CD8 ϩ T cell-mediated response are largely responsible for the immune control of tissue parasites (4) . That CD8 ϩ T cells are of critical importance in resistance to T. cruzi is supported by their predominance in inflammatory foci of parasitized tissues (5) (6) (7) (8) , by the correlation between failure to survive the acute stage of infection, increased tissue parasite loads and an absent inflammatory response in mice made deficient of this T cell subset (9) (10) (11) , and by the ability of CD8 ϩ T cells from infected mice to act as cytotxic T lymphocytes (CTL) 1 against T. cruzi -infected cells (12) . Recent efforts to elucidate the molecules contributing to such MHC class I-restricted responses have led to the identification of amastigote surface protein (ASP)-1 and ASP-2, two surface proteins on the intracellular amastigote stage (13, 14) , and trypomastigote surface protein (TSA)-1, a surface antigen on the cell-invasive trypomastigote form (15) , as the first bona fide targets of CTL in T. cruzi -infected mice (16, 17) . Interestingly, these three molecules are all members of the same subfamily of T. cruzi trans -sialidase proteins (18) . CTL against ASP-1, ASP-2, and TSA-1 destroy parasite-infected cells in vitro (16, 17) presumably by the recognition of parasite-derived peptides on the surface of infected cells. Besides their cytolytic activity, the adoptive transfer of IFN-␥ -and TNF-␣ -producing CTL lines specific for a single TSA-1 epitope protect naive mice against lethal T. cruzi infection (16) . Finally, it has been recently shown that potent CTL responses participate in the protective anti-T. cruzi immune response induced in mice genetically immunized with plasmid DNA encoding the genes for each of these antigens (B. Wizel and N. Garg, unpublished) . Thus, on the basis of these findings, we have initiated efforts to develop vaccines aimed at enhancing, among other effective anti-T. cruzi immune responses, the induction of protective CD8 ϩ T cells. For vaccines against Chagas' disease to be developed, however, the relevant immune responses in T. cruzi -infected humans should first be elucidated. With the solid evidence dem-onstrating the immunoprotective role played by CTL in the murine model of human Chagas' disease, and with the identification in such a model of ASP-1, ASP-2, and TSA-1 as CTL target molecules, we sought to investigate whether T. cruzispecific CTL responses are induced in humans infected with this parasite and whether such CTL include cells, which recognize the same set of parasite molecules identified in T. cruziinfected mice. We restricted our analysis to the HLA-A2 allele due to its high frequency of expression in individuals of various ethnic backgrounds (19, 20) including those living in Chagas' disease endemic areas of Latin America (21) and due to the availability of an HLA-A2.1 transgenic mouse model (22) where potential T. cruzi -derived CTL epitopes could be identified before seeking an equivalent response in humans. The present study reports that 21 of 24 T. cruzi -infected HLA-A2 ϩ individuals tested produce CTL against this parasite and that such CTL identified 11 HLA-A2.1-restricted epitopes from the ASP-1, ASP-2, and TSA-1 trans -sialidase molecules.
Methods
Cell lines and culture reagents. The following cell lines were used in peptide binding assays and as target cells in the murine and human CTL assays: HLA-A2. Ljunggren, Karolinska Institute, Stockholm, Sweden). All cell lines were grown in complete RPMI (CR) consisting of RPMI 1640 (Mediatech, Herndon, VA) supplemented with 10% heat-inactivated FCS (HyClone Laboratories, Logan, UT), 20 mM Hepes, 2 mM L -glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 50 U penicillin/50 g/ml streptomycin (all from Life Technologies, Grand Island, NY). Transfected lines were cultured in CR containing 0.2 mg/ml of G418 sulfate (Life Technologies). T cell medium (TCM) used in the HLA-A2.1/K b transgenic mouse studies was prepared by supplementing CR with 50 M 2-ME. For the human studies, TCM was prepared by substituting heat-inactivated AB ϩ human serum (Pel-Freeze, Brown Deer, WI) for FCS.
Synthetic peptides. Sequences of the T. cruzi antigens ASP-1, ASP-2, and TSA-1 (13) (14) (15) were inspected for the presence of 9-or 10-amino acid sequences conforming to the expanded HLA-A2.1 motif (30) . This search yielded 570 motif-bearing segments. Following a computer algorithm analysis to take into account the role of secondary anchors in peptide binding to HLA-A2.1 molecules (30, 31; J. Sidney, unpublished data), 145 sequences were selected for peptide synthesis. Other peptides produced were: HLA-A2. [257] [258] [259] [260] [261] [262] [263] [264] (SIINFEKL; 34). All peptides were synthesized at Cytel Corporation (San Diego, CA) or at University of Georgia by the Molecular Genetics Instrumentation Facility (Athens, GA) using Fmoc chemistry and purified to Ͼ 95% homogeneity by reverse-phase HPLC. Peptide purity was assayed by HPLC and their composition verified by mass spectrometric analysis. Lyophilized peptides were dissolved at 12 to 20 mg/ml in DMSO, aliquoted and stored at Ϫ 70 Њ C.
HLA-A2.1 peptide binding assay. The binding affinity of synthetic peptides to purified soluble A2.1 molecules was quantitated by measuring the inhibition of binding of a radiolabeled standard probe peptide as previously described (30, 35 (36) . In brief, 6-12-wk-old mice were infected with 10 3 T. cruzi blood form trypomastigotes (Brazil strain), and after 3 mo, animals were challenged subcutaneously in the base of the tail with 2 ϫ 10 5 tissue culture-derived trypomastigotes. For peptideinduced CTL, mice were immunized subcutaneously at the base of the tail with an IFA emulsion containing equimolar amounts of PBS/ 5% DMSO-dissolved putative CTL peptide (50 g/mouse) and HBc 128-140 (140 g/mouse). 4-6 mo postinfection or 11 d after peptide immunization, mice were sacrificed and immune splenocytes (3 ϫ 10 7 ) were stimulated in vitro with peptide-coated syngeneic irradiated LPS blasts (1 ϫ 10 7 ) in 10 ml TCM using upright T25 flasks (Corning Inc., Corning, NY). To prepare LPS blasts, syngeneic splenocytes (4.5 ϫ 10 7 ) were washed and suspended in 30 ml TCM containing LPS (25 g/ml; Sigma, St. Louis, MO) and dextran sulfate (7 g/ml; Sigma) and incubated for 72 h at 37 Њ C in upright T75 flasks (Corning). After irradiation (3,000 rad), LPS blasts were washed, incubated with CTL peptide (100 g/ml) for 1 h at 37 Њ C and washed once more before being added to splenocytes from T. cruzi chronically infected mice and from animals primed with the respective peptide. After 2 d at 37 Њ C, splenocyte cultures were made to 5% with Con A supernatant (rat T-STIM without Con A, Collaborative Biomedical Products, Bedford, MA). At day 6 of culture, resultant effector cells were tested for their cytolytic activity in a 51 Cr release assay (16) . Effector cells were washed, suspended in TCM, and plated in round bottom 96-well plates (100 l/well) in the presence of stimulating peptide (10 g/ml) and thrice washed Jurkat A2. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide (10 g/ml). After centrifugation (500 g for 2 min), plates were incubated for 5 h at 37ЊC. Supernatants were collected (Skatron, Inc., Sterling, VA) and released 51 Cr expressed as the mean percentage specific lysis of triplicate wells, calculated as follows: 100 ϫ ([experimental release -spontaneous release]/[maximum releasespontaneous release]). Maximum and spontaneous release were determined in wells containing no effectors in the presence or absence of 2% Triton X-100, respectively. Spontaneous release was Ͻ 22% of maximum release in all experiments. Standard errors were invariably Ͻ 3% of the mean. A CTL response was considered positive when, at the highest effector to target cell ratio (between 40:1 and 60:1), a difference of Ն 10% lysis was obtained by subtracting the percentage lysis for control peptide from percentage lysis for the test peptide.
Selection of study subjects. This study was approved by the Institutional Review Boards for the use of Human Subjects as Research Participants of the Military Health Services in Guatemala, Universidad del Valle de Guatemala and University of Georgia. Subjects were adult military personnel stationed at the bases of Chiquimula, Zacapa, Jutiapa and Jalapa, 4 contiguous Chagas' disease endemic regions in southeastern Guatemala, where they had been lifelong residents. After explaining the requirements for participation and obtaining signed informed consent, 744 volunteers (Chiquimula, code A; Zacapa, code B; Jutiapa, code F; Jalapa, code G) were serologically tested for T. cruzi infection using standardized ELISA (Center for Disease Control and Prevention), indirect hemagglutination and indirect immunofluorescent tests. Positive diagnosis was confirmed by an additional ELISA (Gull Labs, Salt Lake City, UT) and an agglutination assay using latex beads adsorbed with antigens from an autochthonous T. cruzi strain (37) . Of 93 (12.5%) seropositive patients, 31 were not longer accessible for HLA-A2 serological typing as 26 left their posts upon completion of their military service, and five voluntarily withdrew from the study. 24 of 62 (38.7%) subjects were typed as HLA-A2 ϩ and selected for subsequent CTL studies (23 males and 1 female, mean age 22.8 yr, range 18-43 yr). Selected patients were in the indeterminate asymptomatic chronic phase of Chagas' disease. The uninfected HLA-A2 ϩ control group consisted of five Guatemalans from the same endemic area (all males, mean age 26.2 yr, range 21-33 yr) and six Caucasian natives from the United States (five males and one female, mean age 30.5 yr, range 27-37 yr). An additional control group from the T. cruzi-infected population consisted of 6 HLA-A2
Ϫ subjects (five males and one female, mean age 21 yr, range 18-29 yr). All participants were serologically negative for HIV infection.
HLA typing. Participants were typed as HLA-A2 ϩ by staining 100 l of heparinized whole blood with HLA-A2.1-specific mAb BB7.2 (38; ATCC; 10 g/ml) followed by FITC-labeled F(abЈ) 2 goat anti-mouse IgG (1/50 dilution; Southern Biotechnology, Birmingham, AL). Each staining step was for 30 min at 4ЊC and followed by two washings with PBS/1% BSA/0.05%NaN 3 . Stained cell samples were suspended in 2 ml of FACS Lysing/Fixing Solution (1/10 dilution; Becton Dickinson, San Jose, CA), vortexed gently, and incubated for 10 min at room temperature in the dark. The resulting erythrocyte-free samples were washed twice and remaining nucleated cells analyzed by immunofluorescence microscopy. HLA-A2 haplotype was verified by flow cytometric analysis (EPICS Elite; Coulter Electronics, Hialeah, FL) of isolated PBMC (10 6 ) that had been stained for immunofluorescence as described above.
Isolation of PBMC and stimulation with synthetic peptides. Blood specimens from patients (45-55 ml) and control subjects (45 ml) were drawn by venipuncture into heparinized syringes and, in the case of Guatemalan samples, transported by land from the Chagas' disease endemic sites to Guatemala city for processing. Within 7 h of blood collection, PBMC were isolated by density gradient centrifugation on Lymphocyte Separation Medium (Organon Teknika, Durham, NC) and CTL cultures were initiated following a previously described method (39) . In brief, PBMC were washed three times with RPMI 1640, suspended in TCM, and cultured at 37ЊC in 24-well plates (3 ϫ 10 6 /2 ml/well) in the presence of individual synthetic peptides (10 g/ml) for 6 d at 37ЊC. At day 2 of culture, human rIL-2 (Cetus Corp., Emeryville, CA) was added to each well (50 U/ml). After incubation for 6 d, effector cells from PBMC cultures were tested for CTL activity in a standard 5-h 51 Cr release assay (40) . Preparation of target cells and assay of human CTL generated from PBMC cultures. Target cells to assess cytolytic activity of human CTL cultures consisted of HLA-A2.1-matched C1R-A2.1 cells incubated overnight at 37ЊC in the presence of 51 Cr (100 Ci) and stimulating or control HBc 18-27 peptide (10 g/ml). In some experiments, similarly treated A2.1 ϩ JY cells were also used as target cells. Cr-labeled C1R-B8 (A2.1
) cells pulsed with the stimulating peptide were used as HLA-mismatched target cells. After extensive washing, target cells were suspended in TCM and added (5 ϫ 10 3 /100 l/well) along with the pulsing peptide (10 g/ml) to triplicate wells of round bottom 96-well plates containing the appropriately stimulated PBMC (100 l/well). Target cells were also added to sets of triplicate wells plated with effector cells that had been depleted of CD8 ϩ and CD4 ϩ T cells. Immunomagnetic depletion was performed using magnetic beads coated with anti-CD8 or anti-CD4 antibodies (Dynal Inc., Great Neck, NY). CTL activity of depleted effector cell populations was tested only at the highest E/T ratio (between 40:1 and 60:1). Similarly, the highest E/T ratio was the only tested against mismatched control target cells. The 51 Cr release assay (39, 40) was then conducted as described for the transgenic mouse system. In all experiments, spontaneous release ranged between 13 and 26% of maximum release, and the standard errors were within 0.6 and 4% of the mean. As for the murine studies, a CTL response was considered positive when the percent net specific lysis calculated as the difference between percent specific lysis of test and control pulsed targets was Ն 10%.
Results

Selection of T. cruzi trans-sialidase-derived HLA-A2 binding test peptides.
The previously identified target antigens of anti-T. cruzi murine CTL, ASP-1, ASP-2, and TSA-1 (16, 17) , were selected as the candidate molecules to study whether humans infected with T. cruzi generate CTL responses to this parasite. Sequences of these three trans-sialidases were scanned for the presence of 9-or 10-amino acid segments conforming to the HLA-A2.1 expanded motif (30) . This search yielded 217 ASP-1, 186 ASP-2, and 167 TSA-1 motif-bearing segments of which 25, 20, and 100 sequences, respectively, were synthesized as peptides after being identified by a computer algorithm as having the highest probability of A2.1 binding (30, 31; J. Sidney, unpublished data). Following quantitative molecular binding assays, the 145 peptides were classified as high (IC 50 Ͻ 50 nM; 4 peptides), intermediate (IC 50 50-500 nM; 13 peptides), low (IC 50 500-10,000 nM; 45 peptides) and negative (IC 50 Ͼ 10,000 nM; 82 peptides) binders, according to their A2.1-binding affinity. It has been previously demonstrated that the vast majority of peptide epitopes capable of eliciting a CTL response display HLA class I affinities of 500 nM or less (36) . Occasionally, this affinity threshold has been raised to 1,000 nM (41) (42) (43) (44) . Accordingly, the 17 high and intermediate binders, and the six binders with an IC 50 of Ͼ 500 nM but Յ 1,000 nM, were selected for further study (Table I) . (Fig. 1 A) , two ASP-2 (Fig. 1 B) , and four TSA-1 (Fig. 1 C) (Fig. 1 C) . Splenocytes from chronically infected animals recognized 9 of 22 A2.1-binding peptides with a peptide-specific net CTL activity that ranged between 11.3 and 22% (E/T ratio 50:1). In the case of peptide-immunized mice, 11 of 19 peptides generated effector cells with net CTL activity in the range of 11.5 and 38.9% (E/T ratio 50:1). Of the 12 CTL peptides, 2 ASP-1, and 1 ASP-2 peptides were immunogenic by peptide immunization but repeatedly failed to expand CTL in splenocyte cultures from mice with active T. cruzi infection. With the exception of a TSA-1 peptide that was not tested in immunization experiments but for which a recall CTL response was generated following infection with T. cruzi, the remaining four ASP-1, one ASP-2, and three TSA-1 peptides were immunogenic in both parasite-infected and peptideimmunized A2. ϩ infected individuals required a study site with a high prevalence of human exposure to this parasite so that sufficient numbers of HLA-A2 ϩ volunteers could be iden- 
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*Numbering system refers to the ASP-1 and ASP-2 (T. cruzi Brazil) (13, 14) and to the TSA-1 (T. cruzi Peru) (15) tified from the infected population. The accessibility of all or the majority of the selected volunteers at a centralized field site was an additional essential criterion to select the study subjects. As such, 24 T. cruzi-infected HLA-A2 ϩ Guatemalans who had lived their entire lives in the Chagas' disease endemic areas of Chiquimula, Zacapa, Jutiapa, or Jalapa were selected from 744 recruits stationed at the military bases of the same regions and tested for anti-T. cruzi CTL reactivity. To demonstrate anti-T. cruzi human CTL, 20 of the 23 trans-sialidase-derived A2.1-binding peptides were selected and tested for their ability to target A2.1 ϩ cells for lysis by PBMC from T. cruzi-infected donors that had been stimulated in vitro for 6 d with the respective peptide. While high concordance of peptide immunogenicity exists between A2.1/K b mice and A2.1 ϩ humans, some peptides not immunogenic for CTL from the former have been reported to be frequently recognized by CTL from the latter (44) . Accordingly, we selected for future studies 20 peptides, including 10 peptides immunogenic in the A2.1/K b murine system, and 10 additional peptides, which had failed to induce in vitro recall CTL responses. These peptides included seven ASP-1, four ASP-2, eight TSA-1, and the nonamer shared by ASP-2 and TSA-1 (Table II) . Due to the limited blood sample volume obtained from each volunteer and because PBMC from the same single blood sample were required for CTL testing, depletions of CD8 ϩ and CD4 ϩ T cells, MHC restriction analysis, and the generation of autologous EBV-immortalized B cell lines for use in future studies, it was not possible to test the response of all donors to each of the 20 peptides. Thus, PBMC were stimulated with 4-10 peptides, and each peptide was tested with 4-21 donors.
T. cruzi trans-sialidase peptide-specific CTL activity (percent net specific lysis Ն 10%) was detected in association with 11 of the 20 peptides. All 11 peptides bound to A2.1 molecules with an IC 50 of Յ 300 nM (Table II and Fig. 2) . As illustrated for a subset of HLA-A2 ϩ patients, effector cells obtained after PBMC stimulation with each of the five ASP-1 (Fig. 2 A) , two ASP-2 (Fig. 2 B) , and four TSA-1 (Fig. 2 C) peptides lysed C1R-A2.1 cells sensitized with the stimulating peptides but displayed minimal or no lytic activity against the same target cells pulsed with HBc 18-27 negative control peptide. The five ASP-1 (Fig. 3 A) , two ASP-2 (Fig. 3 B) and four TSA-1 (Fig. 3  C) peptides were only able to target C1R-A2.1 but not HLAdisparate C1R-B8 cells for lysis by appropriately stimulated effector cells. Stimulated CTL also failed to recognize JY target cells (HLA-A2.1, -B7, -Cw7) unless sensitized with the homologous peptide (data not shown). Moreover, in all cases tested, the CTL activity displayed by undepleted effector cells was minimally affected by the depletion of CD4 ϩ T cells but it was eliminated or significantly reduced by the depletion of CD8 ϩ T cells (Fig. 3) . Altogether, these results indicate that T. cruziinfected subjects generated an antigen multispecific, HLA-A2.1-restricted, and CD8
ϩ T cell-dependent CTL response against the trans-sialidase ASP-1, ASP-2, and TSA-1 molecules.
Human CTL activity was demonstrated in 21 of the 24 parasite-infected HLA-A2 ϩ patients. For each responder, the frequency of peptides that were capable of eliciting recall CTL responses varied between 30% (3 of 10 tested) and 100% (4 of 4 tested). While it is evident that most patients had developed a polyclonal CTL response to ASP-1, ASP-2, and TSA-1, three Cr release by target cells pulsed with negative control HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide from the 51 Cr release by target cells pulsed with the test peptide. 51 Cr release by HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide-pulsed targets ranged between values Ϫ3.3% (considered as zero) to 11.7%. Presented range and mean net peptide-specific lysis were calculated from positive CTL responses only. subjects failed to display peptide-specific net CTL activity Ն 10% to any of the tested trans-sialidase-derived peptides.
Responding subjects recognized the 11 CTL peptides with a net specific lytic activity that ranged from 10.8% to 46.8% (E/T ratios ranging between 40:1 to 60:1; Table II ). For each group of the T. cruzi trans-sialidase-derived antigenic peptides, the magnitude of human CTL responses varied, with average net peptide-specific lysis values ranging from 15.5 to 25.3% for the ASP-1 group (E/T ratios ranging between 40:1 to 60:1), from 12.1 to 16.5% for the ASP-2 pair set (E/T ratio 50:1), and from 20 to 24% for the TSA-1 peptide series (E/T ratios ranging between 40:1 to 60:1; Table II) . Similarly, the frequencies of responding patients for each series of CTL peptides ranged between 72 and 100% for the ASP-1-, between 25 and 100% for the ASP-2-, and between 69 to 81% for the TSA-1-derived peptides (Table II) .
To ascertain whether the observed in vitro expansion of CTL from T. cruzi-infected patients reflected previous in vivo exposure to this parasite, the 11 peptides associated with CTL activity were used to stimulate PBMC isolated from blood samples of five HLA-A2 ϩ T. cruzi-seronegative Guatemalans (Fig. 4) . Generated effector cell populations failed to lyse C1R-A2.1 target cells sensitized with the stimulating peptides.
Similar results were obtained using PBMC from six uninfected HLA-A2 ϩ Caucasian Americans (data not shown). These findings clearly demonstrated that human CTL responses to T. cruzi are indeed parasite primed in vivo.
Discussion
Demonstration in T. cruzi-infected humans of the immune responses proven to be relevant in resistance to T. cruzi infection in mice (4) has important implications for the development of vaccines that could prevent the onset or minimize the severity of Chagas' disease. Herein, we provide the first evidence that T. cruzi induces parasite-specific class I MHC-restricted CD8 ϩ T cell responses in infected humans. Furthermore, we document the identification of 11 minimal HLA-A2.1-restricted CD8 ϩ T cell epitopes in ASP-1, ASP-2, and TSA-1. ϩ T celldependent CTL activity to T. cruzi trans-sialidase-derived peptides. PBMC from the indicated volunteers were cultured for 6 d with each of the ASP-1 (A), ASP-2 (B), and TSA-1 (C) CTL peptides (10 g/ ml). CTL activity of undepleted effector cells was tested at the indicated E/T ratios against C1R-A2.1-matched (A2.1 ϩ ) target cells pulsed with the homologous CTL peptide or with negative control HBc 18-27 peptide (10 g/ml). Peptide-pulsed (10 g/ml) C1R-B8 cells were used as mismatched (A2.1 Ϫ ) target cells. After depletion of CD4 ϩ or CD8 ϩ T cells, cytotoxicity of depleted effector cell populations was measured at the highest E/T ratio against C1R-A2.1 cells sensitized with the homologous peptide; nt, not tested.
Before the initiation of the present investigation, a major impediment to the study of human CTL responses to T. cruzi was that the parasite molecules gaining access into the class I processing and presentation pathway had not been identified. Nearly 6 yr after the initial evidence that an intact CD8 ϩ T cell compartment is required for survival of T. cruzi infection in mice (45), we identified the previously reported trypomastigote antigen, TSA-1 (15), and two newly discovered amastigote proteins, ASP-1 and ASP-2 (13, 14) , as the first three target molecules of murine CTL elicited during infection (16, 17) . With these molecules in hand, we examined a human system and asked: (1.) are antiparasite CTL responses induced in T. cruzi-infected humans? and (2.) do human CTL recognize the same set of parasite molecules recognized by murine CTL? To answer these questions, which constitute a prerequisite towards the consideration of such molecules as vaccine candidates, we structured a strategy whose core was chosen to be the HLA-A2 system. The main reason for this selection was that in humans living in various Chagas' disease endemic countries of Latin America, HLA-A2 is the most prominent HLA allele, with phenotypic frequencies in the 21-57% range (21) in good agreement with the 25-64% range at the global level (19, 20) .
Our strategy started with the use of an extended HLA-A2.1 binding motif (30) and a computer algorithm for the stringent and rapid selection of 9-and 10-amino acid sequences within ASP-1, ASP-2, and TSA-1 bearing an increased predictability of binding to A2.1 molecules. This refined search dictated the selection of 145 out of 570 candidate peptides for synthesis. Once synthesized, a standardized quantitative molecular binding assay (35) was used to further select those peptides that were capable of binding to A2.1 molecules with an affinity of Ͻ 1,000 nM. Although 17 of the 23 chosen peptides were selected because they bound with an IC 50 of Յ 500 nM, the affinity threshold frequently associated with immunogenicity (36) , the selection of the six remaining peptides was based on reports about CTL epitopes having binding affinities of ‫ف‬ 1,000 nM (41) (42) (43) (44) .
We next tested the ability of selected peptides to elicit recall CTL responses from splenocytes of T. cruzi-infected and peptide-immunized A2.1/K b transgenic mice (22) . Because these mice are endowed with an antigen processing machinery and a CTL repertoire representative of HLA-A2.1 ϩ individuals, they are a valuable tool to predict human CTL epitopes (22, 36, 44, 46- ϩ T. cruzi-infected volunteers. Because it has been shown that CTL responses for some peptides can be heterogeneous among various patients and that reactivities can vary from experiment to experiment for a single patient (40, (49) (50) (51) , each of the 20 selected peptides was assayed with cells from at least four patients and defined as antigenic when CTL activity was detected in at least one of the assays. PBMC from 21 of the 24 HLA-A2 ϩ patients identified 11 of the 20 (55%) peptides as antigenic. Specifically, and in keeping with the notion that a threshold of 500 nM determines the capacity of peptide epitopes to be immunogenic (36) , five of seven (71%) ASP-1, two of five (40%) ASP-2, and four of nine (44%) TSA-1 peptides bound to A2.1 molecules with affinities Cr release assay at the indicated E/T ratios. For clarity, the CTL activity against HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide-pulsed targets is only shown at an E/T ratio of 50:1.
Յ 300 nM. All 11 of these peptides were able to sensitize HLA-A2.1 ϩ target cells for specific lysis by the appropriate peptide-stimulated effector cells, and in all cases tested, CTL responses were found to be mediated by CD8 ϩ T cells. These results and the fact that none of the 11 uninfected HLA-A2 ϩ or the six T. cruzi-infected HLA-A2 Ϫ controls (data not shown) had detectable CTL responses to the identified epitopes indicate that CD8 ϩ T cells are primed in vivo by T. cruzi infection and that a population of these cells, after selective in vitro expansion, recognizes ASP-1-, ASP-2-, and TSA-1-derived peptides in the context of HLA-A2.1 molecules.
Although peptide-specific CTL responses were detected for the vast majority of T. cruzi-infected HLA-A2 ϩ patients (21 of 24; 87.5%), such responses were not detected for three volunteers. Repeated serology at the Centers for Disease and Control Prevention (Atlanta, GA) using two additional tests confirmed the seropositivity of these patients to T. cruzi. It is conceivable that these "nonresponders" may have been of an A2 subtype within the A2 supertype allele family (31, 52) in which none of the identified CTL epitopes was immunogenic or promiscuously recognized on target cells positive for the most frequent HLA-A2.1 subtype (20, 53). Alternatively, the observed CTL nonresponsiveness might also be explained by holes in the T cell repertoire, a stage in the infection where CTL responses are immunosuppresed, and infection by T. cruzi strains with sequence variations in the identified epitopes. Future studies might attempt to determine if the CTL nonresponsiveness of infected individuals is associated with disease severity or if it is also observed against yet to be defined nontrans-sialidase CTL target molecules.
The fact that most T. cruzi-infected Guatemalans had detectable CTL responses to ASP-1-, ASP-2-, and TSA-1-derived peptides is notable, inasmuch as the sequences from the two amastigote proteins (13, 14) and that from the trypomastigote antigen (15) were respectively obtained from the Brazil and Peru strains. This finding suggests that the sequences of such CTL peptides are conserved among the Guatemalan strains of T. cruzi infecting the responding patients. However, it is also possible that even if these trans-sialidase molecules were polymorphic at the level of the identified CTL epitopes, their conserved sequences might still be encoded in other, as yet unidentified, related genes. ASP-1, ASP-2, and TSA-1 are only three members of the subfamily II of trans-sialidases, which in turn belongs to a superfamily of molecules encoded by hundreds if not thousands of highly homologous and largely unsequenced genes (18) .
Two groups of CTL epitopes identified in this study are of special interest and deserve to be discussed. In the first group, ASP-1 508 , ASP-2 551 , and TSA-1 514 are peptides with a significant degree of sequence homology, map to similar regions within their respective proteins and display strikingly similar intermediate A2.1-binding affinities (300 nM, 300 nM, and 240 nM, respectively). Interestingly, the COOH-terminal octameric sequences of these three nonamers represent murine CTL epitopes restricted by H-2K b molecules (16, 17) of which TSA-1 515-522 has been characterized as a protective determinant (16) . Because analysis of the homologous regions in the sequenced members of this large subfamily of trans-sialidases reveal conservation of A2.1 anchor motif residues, it is tempting to speculate that such segments may behave as antagonists or agonists of potentially protective CTL epitopes. This altered peptide ligand hypothesis (54) is currently under investigation. In the second group, ASP-1 668 , ASP-1 666 , TSA-1 818-826 , and TSA-1 818-827 represent peptides that map at the COOHterminal hydrophobic domain of ASP-1 and TSA-1. These sequences, as in the majority of T. cruzi glycosylphosphatidylinositol (GPI)-anchored surface proteins, represent putative GPI signal peptides. It is unclear how these good A2.l-binding CTL epitopes are generated. However, it is possible that the GPI signal sequences might be cleaved in the parasite's endoplasmic reticulum (ER)/post-ER compartment and then secreted into the cytosol of the host cell where they undergo further processing. If this is the case, this would be the first demonstration of hydrophobic sequences downstream the GPI cleavage-attachment site of GPI-anchored proteins contributing to the generation of CTL epitopes. This scenario is analogous to the NH 2 -terminal ER translocation signal sequences from several proteins of viral and parasitic origin, which have been shown to contain immunodominant CTL determinants (55, 56) . Alternatively, precursor proteins containing these hydrophobic domains may enter the cytosol of the host cell via the default secretion pathway that has been reported for T. cruzi proteins, which fail to receive GPI anchors (57) .
The murine model of Chagas' disease has provided compelling evidence linking CD8 ϩ T cells and resistance to T. cruzi infection (4, 16) . In this study, however, due to the cross-sectional design and the analysis of only indeterminate asymptomatic chronically infected patients, it was not possible to establish a correlation between CTL responses and protective immunity. Despite this caveat, we suggest a possible role for the detected CD8 ϩ T cells in controlling the multiplication and spread of parasites in infected humans, a role that is supported by studies documenting that CD8 ϩ T cells constitute the main cell type infiltrating chagasic hearts (7, 58) and that the parasite load in heart tissue is directly correlated with the severity of cardiomiopathy (59, 60) and inversely correlated with the number of IFN-␥-producing CD8 ϩ T cells (61) . Interestingly, we have recently shown in mice that IFN-␥-producing TSA-1 515-522 -specific CD8 ϩ CTL lines transfer protection adoptively (16) . Considerable work will be necessary to examine the contribution of CTL found in PBMC to the control of parasite burden in infected hearts and to determine whether a correlation with protective immunity can be established through epitope-specific CTL precursor frequency analysis of PBMC from patients with different clinical forms of Chagas' disease and living in different geographic areas of Latin America.
A major hindrance that has discouraged researchers from attempts at development of vaccines against T. cruzi has been the widely debated autoimmune etiology in the pathogenesis of Chagas' disease (62), which in turn has seeded the fear that enhancing the antiparasite immune response will exacerbate rather than prevent disease. However, evidence continues to accumulate in humans and in rodents that it is the persistence of T. cruzi in the diseased tissue and not the parasite-induced immune responses to self molecules, which correlates best with the induction and severity of disease (63) (64) (65) (66) . Hence, it is our view that by inducing efficacious anti-T. cruzi immune responses, vaccines may not only protect humans at risk of infection, but they may also reduce or perhaps eliminate parasites from infected patients. Vaccines against T. cruzi, designed as a synthetic construct, plasmid DNA or as a recombinant infectious agent, would most likely need to incorporate several trypomastigote-and amastigote-based components capable of inducing, among other effective antiparasite immune responses, protective CD8 ϩ T cells. The current studies represent a significant step toward the development of such vaccines as it has now been established that parasite-specific HLA restricted CD8 ϩ CTL are generated in humans infected with T. cruzi, and three CTL target molecules have been identified. Having demonstrated the validity of the mouse model to identify CTL target antigens, work is now in progress to carry out the same studies for other T. cruzi molecules and to develop vaccines that may ultimately provide an effective control measure against Chagas' disease.
